H-MRS metabolite ratios (myo-inositol/creatine, mI/Cr; N-acetylaspartate/creatine, NAA/Cr) were measured within the precentral gyri and brain stem (regions known to be involved in ALS pathophysiology), and precuneus (which served as a control region). Whole brain voxel-wise correlation analyses were employed to identify brain regions exhibiting an association between metabolites within the VOIs and [
Introduction
Genetic and postmortem human brain pathology studies implicate glial activation and neuroinflammation in ALS (Alexianu et al., 2001;  effects of experimental treatments (Jucaite et al., 2015) .
Upon activation, microglia and astrocytes undergo increased expression of the 18 kDa translocator protein (TSPO), previously known as the peripheral benzodiazepine receptor (PBR) (Rupprecht et al., 2010) . [
11 C]-PBR28 is a second-generation positron emission tomography (PET) radiotracer for TSPO (Lavisse et al., 2012; Brown et al., 2007; Briard et al., 2008) , and as such is used to image neuroinflammation in vivo (Albrecht et al., 2016) . [ 11 C]-PBR28 was developed to overcome challenges associated with the first-generation TSPO radioligands.
[ 11 C]-PBR28 was shown to exhibit 80 times more specific binding compared to the first generation radioligand [ 11 C] -(R)-PK11195 in non-human primates (Sridharan et al., 2017; Kreisl et al., 2010) . Glial activation measured by [ 11 C]-PBR28 PET is increased in the precentral gyri in patients with ALS and other motor neuron diseases Zurcher et al., 2015) , and this increase co-localizes with microstructural alterations measured by changes in fractional anisotropy (FA) and cortical thickness (Alshikho et al., 2016) .
Here, we employ a multimodal neuroimaging approach using [ 11 C]-PBR28 PET, magnetic resonance spectroscopy ( 1 H-MRS), and diffusion tensor imaging (DTI) to evaluate the relationship between glial activation and brain structural integrity, as well as the clinical outcome measures in ALS patients. N-acetylaspartate (NAA) and myo-inositol (mI) are brain metabolites that can be measured by 1 H-MRS and are thought to serve as markers of neuronal/axonal integrity and neuroinflammation/gliosis, respectively (Moffett et al., 2007; Brand et al., 1997) .
The relationship between molecular measurements derived from PET modalities and 1 H-MRS brain tissue metabolites has never been tested in patients with ALS. This molecular multimodal imaging approach may provide invaluable insights into disease mechanisms and could guide future therapeutic interventions.
Materials and methods

Standard protocol approvals, registrations, and patient consents
This study was approved by the Partners institutional review board (IRB) and the radioactive drug research committee (RDRC) at Massachusetts General Hospital (MGH), Boston, MA. All participants provided written informed consent for study participation according to the declaration of Helsinki.
Study participants and clinical assessments
Between March 2014 and December 2016, sixty-three individuals were genotyped for TSPO Ala147Thr polymorphism, which predicts [ 11 C]-PBR28 binding affinity (Guo et al., 2014; Owen et al., 2012) , and five low binders (7.8%) were excluded during the screening phase of the study. Forty ALS participants, high or mixed TSPO binders, who successfully completed PET-MR brain imaging and fulfilling the revised El Escorial diagnostic criteria for possible, probable, lab-supported probable, or definite ALS, were included in the study (Brooks et al., 2000) . The clinical assessment of ALS participants included the revised ALS functional rating scale (ALSFRS-R) (Cedarbaum et al., 1999) , and the upper motor neuron burden scale (UMNB) (Zurcher et al., 2015) . Participants were excluded if they had any contraindication to undergo MR imaging (n = 3), or any current use of steroids, immunosuppressants (n = 2), benzodiazepines or non-steroidal anti-inflammatory medications. Patients with frontotemporal dementia, chronic inflammatory conditions, or recent history of an active infection were also excluded.
PET-MR data acquisition
[ 11 C]-PBR28 was produced in-house as previously described performed at a single site using a Siemens 3 T Magnetom Tim Trio scanner (Siemens Erlangen, Germany) equipped with an 8-channel head coil, and a head-only PET camera to simultaneously acquire PET-MR images. The PET scanner consisted of dedicated brain avalanche photodiode based PET scanner that operated in the bore of a 3 T wholebody MR scanner. The spatial resolution in the center field-of-view was < 3 mm. Additional information about the PET system was described in detail in previous publications (Catana et al., 2010; Kolb et al., 2012) . MR data acquisition included:
1) T1-weighted 3D multi-echo magnetization prepared rapid acquisition gradient echo (MEMPRAGE) for the purposes of anatomical localization, spatial normalization as well as attenuation correction for the PET data (Izquierdo-Garcia et al., 2014) . 2) Diffusion tensor imaging (DTI) data were acquired using a singleshot, spin-echo and echo-planar imaging (EPI) sequence (b = 3000 s/mm 2 ) with twice refocused spin echo diffusion preparation (Q-ball imaging). Each set of raw diffusion data included sixty diffusion directions and eight low-b images. 3) Four 1 H-MRS volumes of interest (VOIs) of 8 cm 3 were placed based on the MEMPRAGE images in the left and right precentral gyri including the underlying white matter, in the brain stem as regions of interest, and in the precuneus as a control region, as the latter is not known to be implicated in ALS pathophysiology. We placed one voxel in the precuneus as a bilateral structure because it is a medial structure, and the left and right precuneus are close to each other. Since the precuneus is not known to be involved in ALS, we didn't need to make a distinction between the left and right precuneus, and we used it as one control region. These placements of the VOIs were done manually by an experienced neurologist as well as a spectroscopist. Prior to data acquisition, the 1 H-MRS VOIs underwent an automatic shim routine based on gradient double acquisition (GREshim) using first and second order shims followed by first order manual shimming. A point-resolved spectroscopy (PRESS) sequence was used to measure brain metabolites. The acquisition parameters for the MR data are summarized in Supplementary Table 1.
Data processing
The PET images were acquired 60-90 min post radiotracer injection, and [
11 C]-PBR28 uptake was quantified as standardized uptake value ratio (SUVR) normalized by whole brain mean (Zurcher et al., 2015; Alshikho et al., 2016) . Further details are summarized in prior publication (Izquierdo-Garcia et al., 2014) . The preprocessing steps of the raw diffusion data were performed using FMRIB Software Library FSL (v5.0.9, https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/). Diffusion data were examined carefully for motion artifacts, and corrected for eddy currentinduced distortions and head motion (Andersson and Sotiropoulos, 2016) . After 1 H MRS acquisition, data were exported as binary remote data access (RDA) files which include information about the geometrical characteristics of the VOIs (i.e. location, dimensionality, and its rotation in space) in the native space of participants. This procedure allowed the creation of 3D masks representing the exact location and orientation of the 1 H-MRS voxel placement using the "mri_volsynth" tool in Freesurfer (v6·0, https://surfer.nmr.mgh.harvard.edu/), which were then used to quantify all the other PET-MR measurements within the VOIs. Tools in Freesurfer were used to compute PET-MR measures within the VOIs. LCModel (v6.3) was used to quantify myo-inositol (mI), creatine (Cr), and N-acetylaspartate (NAA), within the VOIs. The analysis was performed within the chemical shift range (0.5-4 ppm). The concentrations of mI and NAA were normalized by Cr concentration and expressed as ratios of mI/Cr and NAA/Cr as commonly done (Pohl et al., 2001; Kenn et al., 2001; Kalra et al., 2006) . Eddy current correction was applied on 1 H-MRS data using LC Model. Finally, technical difficulties (i.e. low quality of data or scanning time limitations) during MR spectroscopy, DTI and PET scanning sessions led to excluding thirteen imaging datasets form the analyses. Specifically, PET data were not available for three subjects due to interruptions during PET data acquisition (i.e. data were not available for 60-90 min post radiotracer injection).
1 H-MRS data were not available for three subjects due to scanning time limitations and two 1 H-MRS subjects were excluded due to low quality of the acquired data represented by low signal to noise ratio or chemical shifts. Five diffusion scans were excluded due to motion artifacts.
Statistical analyses
Pearson correlation analyses were conducted within the four 1 H-MRS VOIs to study the relationship between 1 H-MRS metabolite concentrations (mI/Cr, NAA/Cr), [ 11 C]-PBR28 uptake measured by mean SUVR, diffusion fractional anisotropy (FA), and the clinical measures including UMNB and ALSFRS-R. To reduce the impact of potential outliers on the correlations, all Pearson correlation analyses were followed by a robust regression fit based on the Huber M-estimation method (Yeap and Davidian, 2001) . All the statistical analyses were carried out using JMP pro 13.0 (SAS Institute Inc., Cary, NC, 1989 -2014 .
In addition, separate whole-brain voxel-wise correlation analyses were employed to identify brain regions exhibiting an association between [
11 C]-PBR28 uptake and 1 H-MRS metabolites extracted from the left and right VOIs. These analyses were performed to test the spatial specificity and colocalization of the association between motor cortex metabolites and [
11 C]-PBR28 uptake within each voxel in the brain.
Non-parametric permutation inference (Winkler et al., 2014) (n = 5000 permutations) and general linear model (GLM) were employed. Threshold free cluster enhancement (TFCE) method (Smith and Nichols, 2009 ) was applied, and the p values were family-wise error corrected (FWE) for multiple comparisons at an alpha value of 0.05. Sex and [ 11 C]-PBR28 binding affinity were included covariates in the design matrix. In separate analyses, the ratios between the gray and white matter volumes within the left and right VOIs were measured and included as covariates in the GLM.
Results
Forty ALS participants were included in this study. There were 17 (42.5%) females and the mean age was (54 ± 10) years. Detailed demographics and clinical data are summarized in Table 1 .
Higher levels of mI/Cr were associated with increased [ Including the ratios of the gray and white mater volumes in the left and right VOIs as covariate in the relevant whole brain voxel-wise correlation analyses did not change the results (all analyses conducted with a statistical threshold of P FWE < 0.05).
There were significant positive correlations between NAA/Cr and FA in the precentral gyri (Left: r = + 0.50; p = 0.010; Right: r = + 0.62; p = 0.0004) (Fig. 3A, B) , and significant negative correlations between mI/Cr and FA in the precentral gyri (Left: r = -0.36; p = 0.025; Right: r = -0.50; p = 0.0022) (Fig. 3C, D) .
No significant correlations were found between [ 11 C]-PBR28 uptake and any of these metabolite ratios in the brain stem or in the precuneus control region (Supplementary Table 2 ). Lower levels of NAA/Cr were associated with higher UMNB (Left: r = −0.49; P = 0.0023; Right: r = −0.53; p = 0.0036) (Fig. 4A, B ) and higher levels of mI/Cr were associated with higher UMNB (Left: r = +0.40; p = 0.009; Right: r = +0.38; p = 0.010) (Fig. 4C, D) .
ALSFRS-R and NAA/Cr were positively correlated in the right precentral gyrus (r = +0.54; p = 0.047) but not the left (r = +0.21; p = 0.19) ( Supplementary Fig. 1A, B) . ALSFRS-R and mI/Cr were negatively correlated in the right precentral gyrus (r = −0.66; p = 0.049) but not the left (r = −0.1; p = 0.54) ( Supplementary Fig. 1C, D) .
[ 11 C]-PBR28 uptake correlated positively with the UMNB in the right (r = +0.54; p < 0.0001), and left precentral gyri (r = +0.53; p < 0.0001) (Supplementary Fig. 2A, B) . [ 11 C]-PBR28 uptake did not correlate with ALSFRS-R total score, nor with ALSFRS-R subtotal scores (i.e. fine motor, gross motor, bulbar and respiratory). The results of all Pearson correlation analyses are listed in Supplementary Table 2.
Discussion
Prior studies have shown that patients with ALS have increased [ 11 C]-PBR28 uptake in the motor cortices (Zurcher et al., 2015) that correlates and co-localizes with structural MRI changes (Alshikho et al., 2016) . This study implements multimodal molecular neuroimaging tools to evaluate the relationship between neuron dysfunction measured by UMNB. In addition, lower functional status measured by ALSFRS-R is correlated with lower levels of NAA/Cr and higher levels of mI/Cr, mainly in the right precentral gyrus. Myo-Inositol has been proposed as a glial marker (Brand et al., 1997) , however, this role has been questioned (Rae, 2014) . Previous studies in patients with ALS have shown that mI/Cr is elevated in the precentral gyri, which could be attributed to neuroinflammation in the brain of ALS patients (Kalra et al., 2006) .
This present study provides very important, in vivo, evidence that links the findings of two different imaging modalities, namely, mI/Cr using 1 H-MRS and [
11 C]-PBR28 uptake assessed by PET, that can independently assess gliosis and neuroinflammation in ALS patients. Interestingly, we found that mI/Cr and [ 11 C]-PBR28 uptake co-localize and are highly correlated only in the precentral gyri in ALS patients. On the other hand, there was no correlation or co-localization between [ 11 C]-PBR28 uptake and mI/Cr in the precuneus, a VOI that we had purposely included as negative control region as this area does not have a clear role in ALS pathophysiology. The findings of these correlations were confirmed by whole brain voxel-wise correlation analyses which showed an association between mI/Cr and [ 11 C]-PBR28 uptake, only in the precentral gyri. Overall, these data are in line with what we know from postmortem pathology about motor neuron degeneration in the precentral gyri and corticospinal tracts in people with ALS. NAA is an established marker of neuronal integrity and a decrease in NAA relates to loss in neuronal density, neuronal dysfunction, and/or mitochondrial dysfunction (Moffett et al., 2007) . Several neurodegenerative diseases including ALS are associated with decreased NAA levels in the relevant brain regions. Specifically, decreased NAA or NAA/Cr were reported in the motor cortices and the brain stem in ALS patients (Kenn et al., 2001; Kalra et al., 2006; Nelles et al., 2008; Sivak et al., 2010) . Our data demonstrate that increased gliosis measured by [ 11 C]-PBR28 uptake in the precentral gyri co-localizes and correlates with neuronal injury/loss, measured by decreased NAA/Cr. Our study also demonstrates that both markers of neuronal integrity, NAA/Cr and FA, are highly correlated, and in line with the results of prior studies (Nelles et al., 2008; Liu et al., 2014; Stagg et al., 2013) . One possible interpretation of these results is that we are seeing neuronal degeneration in the precentral gyri, measured by decreased NAA/Cr and FA, that is surrounded by activated microglial and reactive astrocytes, measured by increased [ 11 C]-PBR28 uptake and mI/Cr.
However, the causal relationship between these cellular events cannot be determined from this cross-sectional study. Longitudinal studies in early symptomatic or pre-symptomatic ALS gene carriers would be extremely valuable to elucidate the temporal relationship between neuronal degeneration and reactive gliosis.
There were no statistically significant correlations between [ 11 C]-PBR28 uptake and 1 H-MRS metabolites in the precuneus, which we selected as a control region because neither clinical phenotype nor postmortem pathology suggest the involvement of the precuneus in ALS. We believe that the absence of correlations in the precuneus reflects the fact that this region does not appear to exhibit increased neuroinflammation in people with ALS, as shown in previous TSPO imaging studies comparing ALS patients with healthy controls and employing first (Turner et al., 2004 (Turner et al., ,2005 , or second generation TSPO radioligands (Albrecht et al., 2016; Alshikho et al., 2018; Zurcher et al., 2015) . TSPO is ubiquitously expressed at low levels in the central H-MRS metabolites in brain regions not affected by the disease could be due to the low signal for [
11 C]-PBR28 that is within the measurement noise. This hypothesis explains the concordance in the signal between the two putative neuroinflammatory markers (TSPO and mI/Cr) only in the specific motor cortex regions that are known to exhibit increased neuroinflammation in people with ALS. It is also noteworthy that we also found no statistically significant correlations between [
11 C]-PBR28 uptake and 1 H-MRS metabolites in the brain stem, a region that we hypothesized to be involved in ALS based on clinical and pathological grounds. There are few potential explanations for this lack of correlation. The brain stem region is a mix of upper motor neuron tracts and lower motor neuron nuclei for cranial nerves which may or may not be involved depending on each ALS patient's specific pathology. For instance, it is possible that the brain stem TSPO signal elevations might be present only in patients who have bulbar involvement, and the inclusion of only bulbar-onset or bulbaraffected patients, may allow to detect associations between [
11 C]-PBR28 PET signal and 1 H-MRS metabolites in the brain stem. The brain stem is also a region in which the estimation of [ 11 C]-PBR28 PET is technically challenging, due to low signal-to-noise ratio (SNR), cardiorespiratory artifacts and other confounds notoriously affecting this region. Alternatively, it is possible that the molecular mechanisms mediating neuroinflammation in different regions of the brain might be different. Future larger studies will be needed to specifically address this question. This study also validates the clinical relevance of several neuroimaging measures, including [ 11 C]-PBR28 uptake, mI/Cr, NAA/Cr and FA, as they are all correlated with increased upper motor neuron dysfunction measured by UMNB, and many were also found to be correlated with worse functional status measured by decreased ALSFRS-R. Few studies have explored the relationship between NAA and ALSFRS-R scores and have reported either no or relatively weak correlations (Stagg et al., 2013; Sivak et al., 2010; Han and Ma, 2010) . Our previously published work has demonstrated correlations between [
11 C]-PBR28 uptake, the fine motor sub-domain of the ALSFR-R scale and UMNB . ALSFR-R is a clinical scale that predominantly reflects the loss of function due to muscle weakness, which is a consequence of lower rather than upper motor neuron degeneration. On the other hand, brain imaging studies represent changes to the upper motor neurons and their tracts, so a direct relationship between brain imaging parameters and ALS clinical functional status may not be intuitive. It is more logical that brain imaging parameters should correlate with measures of the upper motor neuron dysfunction, and represented by the strong correlations between UMNB and all the imaging measures which were evaluated in the precentral gyri. The weak correlations between 1 H-MRS metabolites in the precentral gyri and ALSFRS-R could represent a more complex relationship between the upper and lower motor neuron degeneration such as a dying back phenomenon. This study has several limitations. We would like to highlight that [ 11 C]-PBR28 and mI/Cr are non-specific markers of gliosis and glial activation, and cannot differentiate between different microglial phenotypes. Therefore, the biological implications of our results need to be interpreted with caution. Furthermore, no healthy controls were included in the study for comparisons. However, the major objective of this study was to determine the relationship between brain tissue metabolites measured by 1 H-MRS and glial activation assessed with [ 11 C]-PBR28 uptake in people with ALS. Another limitation of this current study is the lack of longitudinal data. Future longitudinal studies in early or pre-symptomatic ALS patients will help understand the temporal relationships of these molecular changes and clinical disease progression.
Combining multiple neuroimaging modalities is of great importance to unravel disease mechanisms in patients with ALS. Most of what we have learned about ALS disease mechanisms stems from postmortem pathology, SOD1 animal models, and different cell models. Although extremely valuable, these tools have major limitations. For example, the dynamics of postmortem cellular changes, and brain pathology after death miss valuable insights into the real picture of early neurodegeneration and does not allow for longitudinal tracking of evolving disease mechanisms. In addition, SOD1 animal models represent only 2% of human ALS (Rosen et al., 1993) . Novel integrated molecular imaging technologies provide potential robust tools to study and accurately measure brain tissue alterations in the early stages of the disease.
The integrated PET-MR imaging tools implemented in this study could also serve as a molecular poof of the biological activity of experimental medications in the targeted disease tissue, which would potentially accelerate the pace of drug discovery in ALS. Using only clinical outcomes measures requires designing large, long, and expensive ALS clinical trials. With the absences of effective biomarkers to study ALS, there is an unmet need to develop molecular outcomes for efficient phase II clinical trials in ALS. Currently, there are four ongoing ALS clinical trials (NCT02525471, NCT02714036, NCT03127514, NCT02469896) that implement [ 11 C]-PBR28 and 1 H-MRS measurements as proofs of biological activity of these experimental treatments.
Conclusion
In conclusion, advanced molecular and structural imaging can be used to measure glial activation and neuronal degeneration in the precentral gyri in ALS patients. These integrated imaging technologies are poised to be invaluable tools to design efficient proof-of-mechanism ALS clinical trials.
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